Introduction 1
Boron (B) is an essential mineral for plants and is crucial for maintaining cell wall structure. 2
When availability is limited, B predominantly accumulates in the cell wall and covalently 3 cross-links two rhamnogalacturonan II (RG-II) polysaccharide regions of pectin (Ishii and 4 Matsunaga 1996 , Kobayashi et al. 1996 , O'Neill et al. 1996 . A number of studies 5 demonstrated that the RG-II-B complex is essential for the cell wall structure in rapidly 6 growing tissues. Under B-limited conditions, in which growth of pumpkin is inhibited, an 7 increase in monomeric RG-II was accompanied by inappropriate swelling of the cell wall 8 (Ishii et al. 2001) . Arabidopsis thaliana mur1 mutant defective in formation of GDP-L-fucose, 9
one of the sugar residues in RG-II, showed a dwarf phenotype (O'Neill et al. 2001) . 10
Knockdown of the pectin glucuronyl transferase 1 gene, which is involved in the biosynthesis 11 of RG-II sugar chains, showed defects in development of male and female tissues (Iwai et al. 12 2006) . Characterization of A. thaliana CTP:3-deoxy-D-manno-2-octulosonate 13 cytidylyltransferase, an enzyme that activates 3-deoxy-D-manno-2-octulosonic acid (KDO), a 14 specific monosaccharide component of RG-II, showed that the cks mutation led to pollen 15 infertility due to the inhibition of pollen tube elongation (Kobayashi et al. 2011) . Other 16 functions of B in the cytoskeleton and plasma membrane have been reported, but their 17 physiological relevance remains unclear (Bassil et al. 2004 , Wimmer et al. 2009 , Voxeur and 18 Fry 2014 . 19 B is required for growth of pteridophytes, lycophytes, and angiosperms (Bowen and 20 Gauch 1965, Brown et al. 2002) . Terrestrial plants are considered to have markedly increased 21 usage of RG-II-B complex after the origin of tracheophytes in the Early Silurian, ~400 22 million years ago, to develop their complex structure for upright growth. The structure of 23 RG-II is conserved in pteridophytes, lycophytes, and angiosperms, and the levels of RG-II-B 24 in lycophytes and pteridophytes are 50 -70-fold higher and those in dicotyledons and 25
cDNA cloning of BORs from Physcomitrella patens and Selaginella moellendorffii 1
The plant BORs experimentally demonstrated to act as borate exporters have been limited to 2 those of angiosperms. To identify functional B exporter genes, RT-PCR was performed and 3 three open reading frames (ORFs) in cDNAs were isolated from S. moellendorffii. The ORFs 4 of SmBOR1, SmBOR3, and SmBOR4 were 2100, 1737, and 1743 bp in length and encoded 5 proteins of 699, 578, and 680 amino acids, respectively (Supplemental Fig. 1 ). Although 6 SmBOR2 cDNA could not be amplified from the samples used in this study, the SmBOR2 7 ORF was predicted to be 1923 bp in length and encode a 640-amino-acid protein. 
B transport activities of BORs from Selaginella moellendorffii in yeast 10
To test complementation of the growth of an S. cerevisiae mutant lacking Bor1p under high-B 11 conditions, SmBOR1, SmBOR3, and SmBOR4 were expressed under the control of the GAL1 12 promoter using multi-copy 2 µm plasmids. As the S. cerevisiae bor1 deletion mutant lacks B 13 export activity, the growth of the mutant is more sensitive to high-B conditions than the 14 wild-type (Takano et al. 2007 ). Yeast cell cultures in the stationary phase were used for 15 spotting assay on synthetic galactose (SG) medium supplemented with 0, 15, 20, or 30 mM 16 boric acid. Colonies expressing SmBOR1 grew better than those carrying the empty vector on 17 SG medium supplemented with 15 and 20 mM boric acid (Fig. 1A) . Colonies expressing 18
SmBOR3 and SmBOR4 grew better than those carrying the empty vector on SG medium 19 supplemented with 15, 20, and 30 mM boric acid (Fig. 1A ). There were no differences when 20 yeast cells were grown on SG medium without addition of boric acid. 21
We then directly measured B transport activities of SmBOR1, SmBOR3, and 22
SmBOR4. It was reported previously that the concentrations of B were decreased in yeast 23 cells expressing AtBOR1, AtBOR2, AtBOR4, OsBOR1, CmBOR1, and VvBOR1 (Takano et 24 al. 2002 , Miwa et al. 2007 , Nakagawa et al. 2007 , Pérez-Castro et al. 2012 , Cañon et al. 2013 in the presence of 0.5 mM boric acid for 1 h, and the soluble B concentrations in yeast cells 2 were determined by inductively coupled plasma mass spectrometry. The B concentrations in 3 yeast cells expressing SmBOR1, SmBOR3, and SmBOR4 were 17%, 87%, and 89% lower 4 than that in cells carrying the empty vector, respectively (Fig. 1B) . The decreases in B 5 concentration were significant for SmBOR1 (P < 0.05), SmBOR3 (P < 0.01), and SmBOR4 6 (P < 0.01) compared with controls, as determined by Student's t-test. Therefore, we 7 concluded that SmBOR1, SmBOR3, and SmBOR4 are functional borate exporters. 8 9
Construction of phylogenetic tree of plant BORs 10
For multiple alignment and phylogenetic analysis of plant BORs, 32 amino acid sequences 11 were selected from the bryophyte, P. patens, lycophyte, S. moellendorffii, and angiosperms, A. 12 thaliana, Oryza sativa, and Glycine max (Supplementary Table 1 ). In addition to these 13 sequences, plant BORs experimentally shown to function as borate exporters and OsBOR2 14 (Nakagawa et al. 2007 ) were used for construction of a phylogenetic tree. The phylogenetic 15 tree identified three clades ( Fig. 2A) . Clade I contained AtBOR1, AtBOR2, and OsBOR1, 16 which are functional under conditions of B limitation (Takano et al. 2002 , Nakagawa et al. 17 2007 , Miwa et al. 2013 , while clade II contained AtBOR4 and barley Bot1, which are 18 responsible for high-B tolerance (Miwa et al. 2007 , Sutton et al. 2007 ). Clade II also 19 contained OsBOR4, which is specifically expressed in pollen and is required for normal 20 pollen germination and/or tube elongation (Tanaka et al. 2013) . Clade III was composed of 21 PpBOR1 and PpBOR2. SmBOR1 and SmBOR2 were classified into clade I, while SmBOR3 22 and SmBOR4 belonged to clade II, although the BOR sequences from S. moellendorffii were 23 far from those of angiosperms. It is also notable that the average number of amino acid 24 substitutions per site in clade I was significantly lower than that in clade II (unpaired t-test 25 with Welch's correction, P < 0.05) (Fig. 2B) . Unfortunately, the order of these three clades 1 was unclear because of low bootstrap support. We used several rooted methods and several 2 outgroup sequences, but were unable to obtain sufficient statistical supports. Previously, we demonstrated that the tyrosine-based motifs in the large loop region are 7 required for the polarity and B-dependent vacuolar sorting of AtBOR1 (Takano et al. 2010) . 8
The tyrosine-based motif YxxΦ, where Y is tyrosine, x is any amino acid, and Φ is any bulky 9 hydrophobic residue, is recognized by the µ subunit of adaptor protein (AP) complexes and is 10 required for selective sorting into clathrin-coated vesicles (Bonifacino and Traub 2003) . 11
AtBOR1 variants with single substitutions of tyrosine to alanine in Y398DNM401 and 12 Y405HHM408 showed weak polarity and were localized on the plasma membrane even under 13 high-B conditions in root tip cells (Takano et al. 2010) . Furthermore, an AtBOR1 variant with 14 double substitutions of tyrosine to alanine in these motifs showed non-polar localization and 15
was not degraded in response to high B supply (Takano et al. 2010) , suggesting that the two 16 tyrosine-based motifs are important for binding to AP complexes. Recently, AtBOR2 was 17 also shown to have polarity toward the stele side in the plasma membrane under low-B 18 conditions and was degraded in response to high B supply (Miwa et al. 2013) . Consistent with 19 these observations, the amino acid residues corresponding to the tyrosine-based signals were 20 conserved in AtBOR1 and AtBOR2. The tyrosine-based motifs were conserved among 21 transporters in clade I, although the bulky hydrophobic residue was not methionine but 22 leucine in SmBOR1 and SmBOR2 (Fig. 3) . In clade II, the tyrosine-based signals 23 corresponding to Y398xxM401 in AtBOR1 were highly conserved, while most proteins had 24
FxxM at the position corresponding to Y405HHM408 in AtBOR1 (Fig. 3) . It was reported 25 that the FQQI motif, instead of the tyrosine-based motif, of the glucose transporter GLUT4 1 binds to the µ subunits of AP1 and AP2 complexes in mammal adipocytes (Al-Hasani et al. 2 2002 , Schmidt et al. 2006 . Taken together, the observations indicated that most BORs in 3 clade II had the tyrosine-or phenylalanine-based AP binding motifs. In clade III, PpBOR1 4 and PpBOR2 had QxxL and YxxT, which do not fit the rule of tyrosine-based signals, at the 5 corresponding positions (Fig. 3) . Therefore, the tyrosine-based signals are common in the 6
BORs of tracheophytes but not of the putative BORs in the moss P. patens. 7
Ubiquitination at the K590 residue is essential for degradation and vacuolar sorting 8 of AtBOR1 in response to high B supply (Kasai et al. 2011) . The amino acid residue 9 corresponding to K590 was conserved in clade I, while various amino acid residues, such as 10 lysine/aspartic acid/glutamic acid/asparagine/serine, were located in clade II (Fig. 3) . In clade 11
III, PpBOR1 has a lysine residue at position 590, while PpBOR2 has an asparagine residue. 12
13
Conservative acidic di-leucine motif in clade I is essential for the polarity and 14
B-dependent vacuolar sorting of AtBOR1 15
The acidic di-leucine motif [D/E]xxxL[L/I], where D is aspartic acid, E is glutamic acid, x is 16 any amino acid, L is leucine, and I is isoleucine, is characterized as a signal recognized by 17 AP2 complex in mammals (Schmidt et al. 2006) . We noticed the presence of an acidic 18 di-leucine motif in the same loop region as the tyrosine-based motifs in AtBOR1 (Fig. 4A) . 19 The acidic di-leucine motif containing L455/L456 in AtBOR1 was highly conserved in clade I, 20 but not in clade II (Fig. 3) . The acidic di-leucine motif is expected to be another factor to 21 distinguish between the functions of BOR in clades I and II. To examine the roles of 22 angiosperms. In this study, we performed phylogenetic analysis and showed that BORs in 4 vascular plants could be classified into two groups, presumably corresponding to different 5 physiological functions (Fig. 1A) . We demonstrated that S. moellendorffii has BORs 6 belonging to both clades I and II and they export B in yeast cells (Fig. 2) , suggesting that S. 7 moellendorffii has systems of B translocation similar to those found in angiosperms. This is 8 consistent with the presence of significant amounts of RG-II-B in the cell walls of lycophytes 9 (Matsunaga et al. 2004) . By contrast, the presence of a B exporter in P. patens has not been 10 established. A database search identified two BOR candidates from P. patens and comprised 11
clade III in the phylogenetic tree (Fig. 1A) . We performed RT-PCR using mRNA from moss 12 protonema cultured on BCDATG agar and detected PpBOR1 transcripts. However, in our 13 yeast expression system, neither PpBOR1 expression nor PpBOR1 B transport function were 14 detectable (data not shown). Currently, it is unclear whether B is essential in bryophytes 15 and/or B exclusion in bryophytes. 19
As mentioned above, clades I and II may reflect their physiological differences. As 20 both clades I and II contain the BOR of S. moellendorffi, it is reasonable to suggest that the 21 physiological differences may have arisen before the divergence of S. moellendorffi. In 22 addition, the average number of amino acid substitutions per site in clade I is significantly 23 lower than that in clade II (P < 0.05) (Fig. 1B) . This clearly indicates that the sequences in 24 clade I are more conserved than those in clade II, suggesting that BORs of clade I may be of 25 the ancestral type. Moreover, this difference indicates that BORs in clades I and II evolved 1 under different functional and/or environmental constraints. 2 As a key difference between sequences in clade I and II BORs, we identified the 3 acidic di-leucine motif, which is conserved in clade I but not in clade II (Fig. 3) . Importantly, 4
AtBOR1(L455A/L456A)-GFP was not degraded in response to high-B conditions (Fig. 5, B , 5 D, and E), indicating that the acidic di-leucine motif is required for B-dependent vacuolar 6 sorting of AtBOR1. Furthermore, AtBOR1(L455A/L456A)-GFP showed non-polar 7 localization (Fig. 4, C and D) . It should be noted that AtBOR1(L455A/L456A)-GFP 8 accumulated in the BFA-induced endosomal aggregations mainly composed of TGN/EE 9 similar to the case of wild-type AtBOR1-GFP (Fig. 4 , Takano et al. 2010) , suggesting that 10 endocytosis functions properly for AtBOR1(L455A/L456A) under low-B conditions. The 11 acidic di-leucine motif may be required for polar trafficking from TGN/EE to the plasma 12 membrane mediated by the AP complex. used as an amino acid substitution model. The phylogenetic tree of the BORs was 23 reconstructed using the neighbor-joining (NJ) method (Saitou and Nei, 1987) . Reliability of 24 the topology was examined by the bootstrap method (Felsenstein, 1985) , which generated the 25 bootstrap probability by 1000 pseudo-replications at each interior branch of the tree. 1 Evolutionary analyses were conducted using MEGA6 (Tamura et al., 2013) . 1/1000, and 1/10000) was spotted on SG medium supplemented with 0 or 20 mM boric acid. 9
The plates were incubated at 30°C for 6 days. B concentrations in yeast cells in liquid 10 medium were determined as described (Takano et al. 2002) . Briefly, transformants grown in 11 SG medium at 30°C until the OD 590 reached 1.0 -1.5 were centrifuged at 3000 × g for 5 min. 12
The cell pellets were resuspended in 20 mL of SG media containing 0.5 mM boric acid to 13 
Imaging analysis 16
Laser scanning confocal microscopy was performed using a Leica TCS SP8 instrument (Leica 17 Microsystems, Wetzlar, Germany) equipped with an HCPL APO CS2 ×40 water immersion 18 lens with the following excitation and detection wavelengths: 488 and 500 -530 nm for GFP 19 and 488 and 600 -700 nm for FM4-64 (Life Technologies). FM4-64 was prepared as a 10 20 mM stock solution in water. BFA (Sigma, St. Louis, MO) was prepared as 50 mM stock 21 solution in dimethyl sulfoxide (DMSO). Plants were transferred from solid to liquid medium 22 containing the dye or inhibitors and incubated at room temperature. 23
24

Preparation and immunoblotting analysis of microsomal proteins 25
The transgenic plants were grown on vertically placed solid medium containing 1 µM boric 1 acid for 14 days and then transferred to solid medium containing 100 µM boric acid. All steps 2 in the preparation of proteins were conducted at 4°C or on ice. Samples of approximately 300 3 mg of root tissues were homogenized in 1 mL of buffer (250 mM Tris, pH 8.5, 290 mM 4 sucrose, 25 mM EDTA) supplemented with 50 mM dithiothreitol, 0.5 mg/mL Pefabloc SC 5 (Roche, Indianapolis, IN), and protease inhibitors (CompleteMini; Roche) using a Multi 6
Beads Shocker (Yasui Kikai, Osaka, Japan). The lysates were centrifuged at 10000 × g for 15 7 min at 4°C. The resultant supernatants were transferred to 1.5-mL tubes (Beckman Coulter, 8 Brea, CA) and centrifuged at 100,000 × g for 30 min at 4°C. The pellets, representing the 9 microsomal fraction, were resuspended in storage buffer containing 50 mM potassium 10 phosphate buffer (pH 6.3), 1 mM magnesium sulfate, and 20% glycerol supplemented with 11 0.5 mg/mL Pefabloc SC and protease inhibitors. The protein concentration was measured by 12 protein assay (Bio-Rad, Hercules, CA). NuPAGE LDS sample buffer (Invitrogen) and 50 mM 13 dithiothreitol were added to the samples, followed by incubation at 90°C for 10 min. means ± standard deviation for three independent transformants. Asterisks indicate significant 10 differences between BORs and empty vector control by Student's t test (*P < 0.01; **P < 11 0.05). Multiple alignment of the AtBOR1, SmBOR1, SmBOR3, and SmBOR4 amino acid sequences.
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Conserved residues are highlighted in black. 
